appreciable toxicity. These findings provide additional evidence of the meaningful anticancer activity of zol in this patient population.
INTRODUCTION
Multiple myeloma is a plasma-cell malignancy that can cause osteolytic bone lesions, excess immunoglobulin secretion, renal impairment, and myelosuppression 1 . Although treatment is rarely curative, great strides have been made in the management of multiple myeloma. Just since the early 2000s, newly introduced therapies such as bortezomib, lenalidomide, and thalidomide have revolutionized the treatment paradigm in multiple myeloma and likely contributed to improved survival 2, 3 . Survival of patients diagnosed with multiple myeloma since then has risen significantly to 44.8 months, compared with historical reports of 29.9 months ( p < 0.001) 3 .
High-dose induction therapy with subsequent autologous stem-cell transplantation (asct) is the current standard of care for previously untreated patients with symptomatic multiple myeloma 4 . Currently, the optimal induction therapy has not been established for patients who are potential candidates for transplantation. Although a variety of active regimens that combine dexamethasone, doxorubicin, bortezomib, thalidomide, and lenalidomide 5 are available, no single best regimen has emerged.
Bisphosphonates such as zoledronic acid (zol), clodronate, and pamidronate inhibit osteoclast-mediated osteolysis and, by minimizing skeletal complications, provide significant benefit to patients with bone metastases from solid tumours or bone lesions from multiple myeloma 6, 7 . Current clinical guidelines for the treatment of multiple myeloma recommend bisphosphonate therapy for all patients regardless of
ABSTRACT

Background
A growing body of evidence is demonstrating that the nitrogen-containing bisphosphonate zoledronic acid (zol) improves clinical outcomes in various cancer settings, including multiple myeloma. Those findings provided the rationale for conducting an open-label randomized controlled phase iii trial to evaluate the effect of zol on overall survival (os) and progression-free survival (pfs) in patients with previously untreated high-risk multiple myeloma.
Methods
The trial randomly assigned 308 adult patients less than 65 years of age with previously untreated symptomatic multiple myeloma (1:1) to receive zol 4 mg intravenously once every 28 days for 24 months (n = 151) or no zol (n = 157). Before autologous stem-cell transplantation (asct), all patients received a highdose noncytotoxic induction regimen of dexamethasone, all-trans-retinoic acid, and interferon alpha 2b.
Results
After a median follow-up of 69.8 months (range: 36.5-96 months), the 10-year pfs (66% vs. 52%, p < 0.001) and os (67% vs. 48%, p < 0.001) rates were significantly higher in treated patients than in control patients. Overall response (77% zol vs. 75% control), complete response (52% vs. 46%), and very good partial response (25% vs. 29%) rates were similar between the groups. Treatment was generally well tolerated, with no reports of renal impairment or osteonecrosis of the jaw.
Conclusions
In symptomatic previously untreated multiple myeloma patients, zol combined with high-dose therapy followed by asct improved os and pfs without whether bone lesions have been detected, and in this setting, zol is the bisphosphonate of choice 5, [7] [8] [9] . In addition to its bone-protective effects, zol has demonstrated clinically meaningful anticancer activity in multiple cancer settings, including that of multiple myeloma [10] [11] [12] [13] [14] [15] . In particular, results from the large U.K. Medical Research Council (mrc) Myeloma ix trial demonstrated a significant overall survival (os) benefit for zol compared with the weaker oral bisphosphonate clodronate in patients with newly diagnosed multiple myeloma 15 . In our initial study, we showed that, compared with induction chemotherapy alone, adding zol to cyclophosphamide, vincristine, melphalan, and prednisone (our standard induction regimen at that time) significantly improved 5-year event-free survival (80% vs. 52%, p < 0.01) and 5-year os (80% vs. 46%, p < 0.01) 10 . Thus, it appears that zol could have antitumour effects in patients with multiple myeloma.
Recent observations might provide the rationale to explain those effects. Animal studies show that zol inhibits soft-tissue tumour growth, decreases tumour cell proliferation, and enhances immune surveillance; and in vitro studies suggest that zol inhibits tumour cell dissemination in bone marrow 16, 17 . Given those promising results, we conducted an open-label randomized controlled phase iii trial to examine the effect of zol on progression-free survival (pfs) and os in the same patient population treated using our institution's current standard of care, a high-dose induction regimen of dexamethasone, all-trans-retinoic acid, and interferon (dai) followed by asct. When the study was planned, the routine use of zol or other bisphosphonates was not included in the standard regimen in this setting.
METHODS
Our study (search for NCT01234129 at http://clinical trials.gov) was conducted in accordance with the ethical principles of the Declaration of Helsinki. All patients provided written informed consent, and the study protocol was approved by the Ethical and Scientific Committee of the Mexican Institute of Social Security (HO 2002-83 R) before study initiation.
This single-centre study was conducted from June 1, 2002, to December 30, 2007 , in the Oncology Hospital, National Medical Center, Instituto Mexicano del Seguro Social, a national tertiary reference centre in Mexico City, Mexico (population served: 32 million).
Adult patients at least 18 years but less than 65 years of age with untreated symptomatic multiple myeloma and measurable paraprotein in serum and urine, Eastern Cooperative Oncology Group performance status 0-2, and adequate renal (no end-stage renal failure and creatinine clearance > 30 mL/min), hematologic (platelet count > 50×10 9 /L, neutrophil count > 0.75×10 9 /L), and liver function were eligible for inclusion according to International Myeloma Working Group (imwg) guidance. Patients with nonsecretory paraprotein also were included (assessed for response and follow-up using the serum free light-chain assay, again according to imwg guidance 18 ). Patients with amyloidosis, hiv infection, or uncontrolled diabetes were excluded. Participation in any other clinical trial was also an exclusion criterion.
As they presented clinically at our institution, patients were randomly assigned (in a 1:1 ratio by computer-generated randomization sequence placed in sealed envelopes) to receive zol 4 mg (or dose-adjusted based on creatinine clearance) intravenously once monthly for 24 months (zol arm) or no zol (control arm). After 24 months, zol was stopped, and no other bisphosphonate was allowed. No supplemental support with calcium or vitamin D was considered. All patients received six 1-month cycles of dai (dexamethasone 40 mg intravenously on days 1-4, all-trans-retinoic acid 45 mg/m 2 orally once daily on days 5-14, and interferon alpha 2b 5.0×10 6 U subcutaneously once daily on days 5-14) as high-dose induction therapy. After 6 months, patients were restaged by bone marrow biopsy, and those who had achieved a complete response (cr) or a very good partial response (vgpr) were eligible for asct. Patients with a partial response or progressive disease after induction therapy were considered to have experienced treatment failure, and their participation in the study was discontinued, although they continued to receive treatment on an individual basis.
Before asct, patients received granulocyte colony-stimulating factor 10 μg/kg subcutaneously, daily for 2 days, starting on day 15, cycle 4, of induction therapy to mobilize stem cells, and stem-cell collection was first attempted on day 18 after cycle 4 of chemotherapy. The target yield of stem cells was more than 5×10 6 CD34+ cells per kilogram. If the first attempt at stem-cell collection was inadequate, patients underwent a second mobilization with cyclophosphamide 2 g/m 2 intravenously and granulocyte colony-stimulating factor 10 μg/kg daily for 2 days after completion of high-dose induction therapy cycle 4. The high-dose conditioning regimen before infusion of stem cells was melphalan 200 mg/m 2 intravenously. After asct, patients received interferon alpha 2b 5.0×10 6 U subcutaneously 3 times weekly for 1 year. A second asct was not allowed in the study. At relapse, patients were treated at the physician's discretion. Most patients received thalidomide and dexamethasone or bortezomib and dexamethasone; in some cases, when clinical performance was poor, patients received melphalan and prednisone.
The primary endpoints were pfs and os at 10 years, and the secondary endpoints included overall response, rates of cr and vgpr, and safety.
When the study was planned, the current international criteria for evaluation of treatment response in this population had not been published. We therefore converted the response criteria defined in our protocol to be consistent with the terminology in the new imwg criteria 19, 20 . Response was assessed after completion of high-dose induction therapy and 3 months after asct. Blood and 24-hour urine samples were obtained at baseline, after induction chemotherapy and asct, and at 3, 6, and 12 months after asct. During the follow-up period, blood and 24-hour urine samples were obtained every 6 months.
Targeted enrollment was approximately 320 patients to ensure that 310 would be available for analysis (150 patients in each arm), providing 80% power (2-sided α = 0.05) to detect a 10% difference in median pfs and os between the zol and control arms. At 3 and 6 years, the anticipated median pfs was 83% and 75% respectively, and the anticipated median os was 80% and 65% respectively. Comparisons of outcomes used the intention-to-treat population, which comprised all patients who were randomized. All patients who received the planned treatment were considered evaluable for efficacy and toxicity.
The 10-year pfs and os (primary endpoints) were estimated using the Kaplan-Meier method and compared between the groups using the chi-square test. Progression-free survival was defined as time from the start of high-dose induction therapy (or time from the start of next treatment) to time of progression, relapse, or death. Both groups underwent radiologic studies every 6 months to detect the presence of skeletal complications, because the primary purpose of zol is to prevent skeletal-related events (sres).
RESULTS
Of the 321 patients assessed for enrollment, 308 were randomly assigned to the zol (n = 151) or control (n = 157) arm ( Figure 1 ). All randomized patients were included in the intention-to-treat and safety populations. Demographic and disease characteristics were well-balanced between the treatment groups at baseline (Table i) 19 . Overall, approximately half the patients were male, and all had bone lesions.
Median follow-up was 69.8 months (range: 36.5-96 months). All patients completed maintenance interferon treatment after asct. The median pfs was 60.4 months in the zol arm and 38.4 months in the control arm. The 10-year pfs was significantly higher (p < 0.001) in the zol arm [66%; 95% confidence interval (ci): 60% to 73%] than in the control arm (52%; 95% ci: 46% to 57%; Figure 2 ). Myeloma progression resulted in the deaths of 51 patients (33%; 95% ci: 28% to 38%) in the zol arm and 85 patients (52%; 95% ci: 47% to 56%) in the control arm. The 10-year os rate was significantly higher in the zol arm (67%; 95% ci: 60.1% to 72.0%) than in the control arm (48%; 95% ci: 43.9% to 55.4%; p < 0.001; Figure 3 ).
Overall response, cr, and vgpr rates after highdose induction therapy did not differ significantly between the treatment arms ( Table ii) . The overall response rate was 77% in the zol arm and 75% in the control arm, and the cr rate was 52% in the zol arm and 46% in the control arm. Very good partial responses were reported in 25% of patients in the zol arm compared with 29% in the control arm. A total of 235 patients-117 in the zol arm and 118 in the control arm-underwent asct. Stem-cell yields were greater than 1×10 6 CD34+ cells per kilogram in 97% of patients, with only 1 patient in the control arm requiring a second stem-cell mobilization. Very good partial responses achieved by 45 patients after high-dose induction therapy (22 in the zol arm, 23 in the control arm) were converted to crs after asct. Overall, treatment was well tolerated in both treatment arms, with most events being mild in severity. None of the patients discontinued treatment because of adverse events, including the patients who received interferon for 1 year. During high-dose induction therapy, only nonhematologic events were reported. Transient hyperglycemia developed in 37 patients (20 in the zol arm, 17 in the control arm) and was controlled with dietary changes and insulin in 16 patients. Mild dry skin experienced by 7 patients resolved with topical therapies. During asct, no marked differences in toxicity were observed between the groups (Table iii) . Thrombocytopenia was the most frequently reported grade 3 or 4 event in both groups, occurring in 42% of patients in the zol arm and in 59% of patients in the control arm. Skeletal-related events were observed in 22 patients (14%) in the zol group and in 38 patients (24%) in the control group (p < 0.001). In all cases, local radiotherapy was sufficient for local control.
Radiologic studies were performed in all patients every 6 months, including images of the jaw. Osteonecrosis of the jaw was not observed, and no specific measures were taken to avoid that adverse event. No patients experienced renal impairment, and no treatment-related deaths, secondary neoplasms, or acute leukemias were reported.
DISCUSSION
Bisphosphonates are an essential component of symptomatic multiple myeloma care for preventing sres and treating hypercalcemia 5, 7, 21 . A growing body of evidence is demonstrating that zol also improves non-skeletal outcomes in cancer patients with advanced bone disease 10, [13] [14] [15] . Those benefits might be based primarily on two potential mechanisms:
• a decrease in the rate of sres 22-24 , which can be life-limiting events 25 ; and • indirect and direct anticancer effects 26 .
Indeed, in the mrc Myeloma ix trial (n = 1960), zol (compared with clodronate) significantly improved os in patients who initiated treatment for newly diagnosed multiple myeloma (50.0 months vs. 44.5 months respectively), with a 16% reduction in mortality (hazard ratio: 0.84; p = 0.0118) 15 . The os benefit with zol remained significant even after adjustment for the significant reduction in risk of sres, suggesting that the anti-myeloma activity of zol was independent of its effect on sres.
In the present randomized trial, at a median follow-up of more than 5 years, the addition of zol to our institute's current standard of care (that is, high-dose dai followed by asct) in patients with previously untreated symptomatic multiple myeloma proved superior to the standard of care alone with respect to survival and disease progression. Notably, the objective response rate, vgpr, and cr were similar in both groups, suggesting that induction therapy with dai retained the clinical effectiveness shown in earlier studies. Patients who received zol demonstrated a significant improvement of 16% and 19% in 10-year pfs and os rates respectively, and those improvements may have been related to zol administration. Moreover, there were no statistically significant differences in baseline disease characteristics between the treatment arms that were likely to influence pfs or os, suggesting that the improved outcomes could be attributed to zol or the potential synergy between zol and dexamethasone 27 .
Consistent with those findings, our initial study in the same patient population demonstrated significantly improved disease outcomes in patients who received zol combined with chemotherapy (61) a Includes patients with a complete response before autologous stem cell transplantation and those with a very good partial response that converted to a complete response after autologous stem cell transplantation (p = 0.08). zol = zoledronic acid. (albeit using an older cyclophosphamide, vincristine, melphalan, and prednisone regimen that was our institute's standard at the time) compared with chemotherapy alone 10 . Additionally, Sezer and colleagues 28 reported a trend favouring zol with respect to sres and progression in patients with stage i multiple myeloma; however, that study was underpowered to demonstrate statistical significance. In contrast, zol had no significant anticancer benefits in patients with asymptomatic myeloma (n = 163) 29 . That discrepancy is likely a result of the low risk of progression in asymptomatic disease and reduced statistical power for disease-related endpoints. The current consensus is that, given the indolent nature of their condition, patients with asymptomatic ("smouldering") myeloma should not be treated with anticancer agents or bisphosphonates 30, 31 . Recent data suggest that, in smouldering myelomas, cytogenetic changes could be an important prognostic factor and predictive factor for progression 32 . As a result, cytogenetics could potentially influence treatment decisions. However, our institution is a public facility with limited resources, and cytogenetic studies were not available.
In our study, treatment was well tolerated in both groups, and adverse events were consistent with the established safety profiles of the respective therapies [33] [34] [35] . While no reports of osteonecrosis of the jaw or renal toxicity emerged in our study, a low incidence of such events was observed in the mrc Myeloma ix trial 15 , suggesting that our younger patient population and the less cytotoxic dai regimen may have contributed to renal tolerability and absence of osteonecrosis of the jaw.
The reported incidence of osteonecrosis of the jaw among patients with advanced cancer receiving complex treatment regimens including bisphosphonates ranges from 0.6% to 2.4% across tumour types, with the highest incidence reported in multiple myeloma 36, 37 . However, prevention strategies have emerged since the initial reports of osteonecrosis of the jaw in this setting [38] [39] [40] , and that knowledge could have improved oral health management in our patients, who did not receive preventive dental care. Notably, oral health recommendations were provided to investigators in the mrc Myeloma ix trial starting in June 2006, based on the recommendations of Weitzman and colleagues 40 , to reduce the risk of osteonecrosis of the jaw and to identify and manage suspected cases of that adverse event 15 .
Renal impairment is common in patients with multiple myeloma 41 , and intravenous bisphosphonates are associated with dose-and infusion-ratedependent effects on renal function 42 . In the present study, adequate renal function was required in all patients at baseline to facilitate eligibility for subsequent asct, and renal safety was monitored according to the prescribing information for zol.
The present study has certain shortcomings. Although our trial was randomized and carried out using the standard treatment protocols at our institution, the dai regimen used as high-dose induction therapy might not be widely used in multiple myeloma patients, given the availability of newer therapies such as bortezomib, lenalidomide, and thalidomide. However, dai offers a favourable toxicity profile and has demonstrated efficacy comparable to that of other more aggressive and toxic regimens in this patient population, including adequate yields of CD34+ cells in patients underging asct 33,34 . In addition, as mentioned earlier, cytogenetics were not performed in our study. The present study was conducted at a single centre, an approach with inherent shortcomings. First, singlecentre studies have potentially limited external validity because they are conducted in a discrete clinical setting that may not necessarily generalize to a broader population 43 . Additionally, a recent metaanalysis showed that single-centre trials may report larger treatment effects than multicentre trials 44 . Nevertheless, single-centre studies remain an essential part of clinical research as "hypothesis-generating investigations" 43 . Finally, our study did not systematically collect information pertaining to specific salvage therapies, a shortcoming that might have influenced the os (but not the pfs) results.
In our study, zol was the bisphosphonate of choice for evaluation because, compared with pamidronate, it has higher antiresorptive activity and a more convenient infusion schedule. Denosumab, an approved inhibitor of receptor activator of nuclear factor κB ligand, is an alternative to bisphosphonates in patients with bone metastases from solid tumours, but it is not indicated for patients with bone lesions from multiple myeloma 45 . Until recently, there was no consensus as to which bisphosphonate is superior at improving disease outcomes. However, emerging prospective clinical data now favour zol over other approved bisphosphonates for this purpose 9, 15, 46 . In the mrc Myeloma ix trial, zol was superior to clodronate in newly diagnosed multiple myeloma patients for several endpoints 15, 46 . In a mixed-treatment analysis of randomized controlled clinical trials in patients with multiple myeloma, zol generally outperformed other bisphosphonates-including clodronate and pamidronate-with respect to os and pfs and also prevention of sres 9 . Those data, especially the outcomes from the Myeloma ix trial 15 , suggest that the improved pfs and os with zol therapy are not secondary to reductions in sres. Additional large head-to-head studies are warranted to further evaluate whether zol is the optimal bisphosphonate for improving disease outcomes in multiple myeloma patients.
CONCLUSIONS
In this randomized controlled study of patients with previously untreated symptomatic multiple myeloma, the addition of zol to our institute's current standard of care significantly improved disease progression
